ABSTRACT: Pleurophycus gardneri (Laminariales) is common in the low intertidal of the Northeast Pacific, but dominates many deep (30 to 40 m) rocky reefs in central California. Seasonal dynamics of productivity and resource allocation of a deep-water population of this deciduous, stipitate kelp were studied to understand how blade abscission affects the annual carbon budget. Patterns of growth, metabolism, and carbon storage and mobilization were measured monthly for 1 yr relative to in situ light and temperature, and used to model the annual carbon budget. The resulting carbon budget was used to determine if blade abscission effectively reduced respiratory demand during the winter period of low light availability. Metabolic properties (photosynthesis, photoacclimation, and respiration) were seasonally constant and showed evidence of photoacclimation to this deep, low-light environment. Blades grew between February and July, followed by senescence and sloughing from August to December. Concentrations of laminaran and mannitol increased in the blades from the onset of sloughing in August until just prior to blade abscission in mid-December, suggesting translocation of these carbohydrates may have occurred from the blade to the stipe and holdfast. Carbon budget estimates revealed that scalar irradiance measures overestimated the light available for photosynthesis of these paddle-shaped kelp blades by 50 to 75%. The calculations also revealed that blade retention allowed for the maintenance of positive carbon balance throughout the year. Thus, conservation of the internal carbon reserve for metabolic survival during the low-light period does not appear to be a viable explanation for the deciduous life history of P. gardneri. Abscission may reduce hydrodynamic drag, thus minimizing the probability of dislodgment of entire plants during winter storm events, or promote spore dispersal as abscised blades and sori drift away from the parent holdfast.
INTRODUCTION
Autumnal leaf abscission has commonly been associated with conservation of energy in deciduous trees that synchronously shed their leaves in response to shortened winter photoperiods (Addicott 1982) . Among deciduous trees, cold temperatures and/or light (day-length) are the most influential cues for abscission (Addicott 1982) . Although light is also a common limiting factor for many marine ecosystems, including those dominated by the temperate to high latitude kelps (Dean 1985 , Schiel & Foster 1986 ), very few algae exhibit a deciduous life history. Canopy cover of Macrocystis pyrifera can limit light availability to understory algae in temperate latitudes (Reed & Foster 1984 , Watanabe et al. 1992 , and episodic disturbance by large storms can influence the growth and persistence of algae that would otherwise be excluded by light limitation (Edwards 1998) . However, there is no clear evidence that the newly settled algae undergo a seasonally adjusted metabolic response to light availability. In northern latitudes where light limitation is seasonally predictable, perennial kelps have evolved a variety of physiological mechanisms that allow them to survive through summer periods of nutrient limitation and winter periods of light limitation (Gagne et al. 1982) . Laminaria solidungula, for example, uses stored carbohydrates accumulated during summer to complete 90% of its annual linear blade growth during the virtual darkness of the Arctic winter (Mann 1973 , Chapman & Craigie 1977 , 1978 , Dunton & Schell 1986 . Another mechanism may involve cellular photoacclimation to increased photosynthetic efficiency in low-light environments, through adjustments in total pigment content and/or the differential production of accessory pigments (Ramus 1983) .
Another potential mechanism for surviving the lowlight conditions of winter is to reduce the total biomass and, thus, respiratory demand of the plant. Abscission of reproductive tissues is common among brown algae, including Nereocystis sp., Fucus spp., and Ascophyllum sp., and also possibly among Alaria sp., Lessoniopsis sp., and Pterogophora sp. (Addicott 1982) . It is unclear whether blades of Laminaria sinclarii undergo true abscission or whether the blades are removed by physical abrasion (Markham 1972) . Pleurophycus gardneri (Laminariales) is a deciduous perennial (Germann 1986) or pseudoperennial (Sears & Wilce 1975) kelp, and the only one known to undergo programmed defoliation characterized by the synchronous abscission of the photosynthetic blade each winter. Germann (1989) suggested that abscission of the blade may be more advantageous than its retention, because the high photosynthetic efficiency and low respiration of the stipe and the holdfast may compensate for loss of the greater photosynthetic surface area of the blade, which has large respiratory requirements.
The distribution of Pleurophycus gardneri is commonly reported to be from Montague Island, Alaska, to Fort Bragg, California, USA, in the low intertidal to upper subtidal (Abbott & Hollenberg 1976) . Individuals are common in the northern part of the range, but are thought to be comparatively rare in the south. VanBlaricom et al. (1986) , however, found low densities of P. gardneri (<1 individual m -2 ) at depths above 15 m, and much higher densities (up to 10 plants m -2 ) in deep water off the coast of Big Sur, California, USA. Stands with densities of 5 plants m -2 were recently observed at depths between 27 and 34 m in Carmel Bay, California, USA (Spalding et al. 2003) . Their observations prompted our investigation into the ability of this kelp, previously thought restricted to intertidal regions, to flourish at 30 m depth almost 500 km south of its originally reported southern limit.
Many species of Laminariales have been rigorously studied to examine the relationships between light availability (Lüning 1979 , Dunton 1985 , Dunton & Schell 1986 , Dunton & Jodwalis 1988 , translocation and production of carbohydrates (Lüning et al. 1973 , Chapman & Craigie 1978 , nitrate concentrations, and growth , Germann et al. 1987 . The objective of the present study was to explore the dynamics of carbon assimilation and its utilization for growth by Pleurophycus gardneri in this deep-water habitat. Physiological rate measurements, in situ growth studies, and chemical analysis were used to construct a numerical carbon budget that: (1) explored whether abscission was an effective mechanism for reducing whole plant respiratory demand and (2) determined the length of time that perennial tissues could survive on storage carbohydrates alone during the winter.
MATERIALS AND METHODS
Study site. The East Pinnacles reef system (36°33'35''N, 121°57'53''W), located approximately 1.5 km offshore of Stillwater Cove, Carmel Bay, California, USA is characterized by high-relief granite pinnacles interspersed with large granitic boulders and small sand channels. Pinnacle tops above 20 m depth support a canopy of Macrocystis pyrifera, which is thinned annually by winter storms. The stipitate kelps Pterygophora californica, Eisenia arborea, and Pleurophycus gardneri were interspersed with giant kelp at 20 m, but higher densities of P. gardneri were found in deeper water outside the giant kelp canopy. Fleshy red and geniculate coralline algae comprised a variably abundant algal turf beneath the stipitate kelps. Stipitate kelps outside the giant kelp canopy periodically lie flat and overlap one another when there is no surge or current (typically during summer months), providing the structure of a subsurface canopy. Nongeniculate coralline algae, along with red and occasionally green encrusting algae, generally occupied the primary substrate and were interspersed with encrusting invertebrates (see also Spalding et al. 2003) .
Light availability. Photosynthetically active radiation (PAR, 400 to 700 nm) was measured using a factory-calibrated LiCor LI193SA scalar (spherical) irradiance sensor (LiCor) and a data logger moored at 30 m depth at East Pinnacles throughout the study (June 2000 to May 2001 . The sensor was mounted on top of a cement block (40 cm off the bottom), and placed on a flat rock (about 8 × 2 m) outside the kelp canopy. The rock was cleared in October 1999 and maintained free of all macroalgae within 1 m of the sensor throughout the study, to avoid shading the light sensor. In situ irradiance was averaged over 1 min and recorded at 15 min intervals during daylight hours. The irradiance sensor was cleaned of epiphytes, and the data logger was retrieved every month. The sensor was removed for thorough cleaning, and checked against another factory-calibrated scalar irradiance sensor (QSL 100, Biospherical Instruments) in the laboratory every 2 to 3 mo. Temperature was also recorded every 15 min using a factory-calibrated temperature logger (Stowaway logger; Onset Computer) that was checked against an alcohol thermometer in a constant temperature water bath (± 0.5°C) each month. Brief interruptions of irradiance (June 2000) and temperature (July 2000) measurements resulted from equipment malfunction.
Growth phenology. A total of 9 to 10 adult (stipe length > 40 cm) sporophytes were selected and tagged within a 20 m radius of the light meter each month, for growth measurements and subsequent analyses. Only intact individuals, mostly free of grazing marks and epiphytes, were selected, to reduce the variability in biomass measurements resulting from processes other than photosynthetic carbon assimilation and utilization. Grazing was rare during the growing season, but common after sloughing began in late July. Plants with minor peripheral grazing marks were used (grazing was not quantified) during the late summer and fall because of a lack of available non-grazed plants. Blade growth during spring (February to May 2001) occurred without sloughing, as indicated by the persistence of the abscission scar from the previous year. To calculate growth during months without sloughing, the average total blade area (cm 2 collection interval -1 ) each month was subtracted from the total blade area of the previous month (e.g. growth rate for March = average blade area March -average blade area for February), and divided by the time interval (1 mo, in this case). From June 2000 to November 2000, when sloughing was evident ( Fig. 1) , growth rates (cm 2 collection interval -1 ) of blades lacking an abscission scar were measured using the hole punch method to quantify new growth and the loss from sloughing (Parke 1948) . A 5 mm diameter hole was punched through the midrib of each plant 10 cm above the base of the blade using a cork borer. Plants were collected approximately 4 wk after marking, placed in black plastic bags, brought to the surface, and stored in coolers during transport to the laboratory to prevent light or temperature shock. Collected plants were maintained in aquaria with running seawater at in situ temperatures for ≤ 24 h before initiating physiological measurements. Continuous shading (about 50 to 75% reduction of ambient, similar to in situ values) was provided to prevent photodamage. All measurements were completed within 5 d of collection. The wing (W), midrib (M), stipe (S), and holdfast (H) of each collected plant was weighed (fresh weight, FW). Subsamples of each tissue type were dried for 3 d at 60°C and used to develop FW to dry weight (DW) conversion factors. Sorus persistence and condition were noted qualitatively.
Absolute growth rate was calculated according to: (1) where D 1 was the initial distance from the hole punch to the base of the blade and W 1 was the initial blade width; D 2 and W 2 were similar measurements performed at the end of the collection period. Sloughing was calculated similarly according to: (2) where L 1 was the length of the blade from the distal end to the initial hole punch mark at Time 1, and L 2 was the length of the blade from the distal end to the hole punch at Time 2. Although the actual shape of the blade resembles a truncated ellipse, frills on the edges of the wing add area to the blade, but are difficult to measure precisely. Consequently, blade area was calculated assuming a rectangular shape to incorporate the wing frills. DW was calculated from conversion factors derived from tissue samples weighed before and after drying ( Photosynthesis and respiration. Monthly measurements of photosynthesis and dark respiration were made using tissue samples excised from the collected plants (n = 9 or 10). Photosynthetic rates were determined polarographically using 2 cm 2 sections of wing and midrib tissues cut between 10 and 40 cm above the base of the blade. Samples of stipe tissue were cut below the second growth constriction, and holdfast samples were taken from the youngest haptera (outer-most and least fouled). Photosynthesis and dark respiration were measured following Zimmerman et al. (1989) using an oxygen electrode in a water-jacketed incubation chamber (5 ml vol; Rank Bros.). The incubation chamber was maintained within 0.5°C of the average in situ temperature recorded during the month prior to collection, which ranged from 9°C in February 2001 to 12.5°C in October, with a circulating water bath. Respiration was measured in complete darkness. Photosynthesis was measured at 10 irradiances (1 plant irradiance level -1 ) using an incandescent light source (Fiber-Lite High Intensity Illuminator Series 180, Dolan-Jenner Instruments, 150 W bulb) to construct monthly photosynthesis versus irradiance (P versus E) curves. These tissue samples were oriented normal to the irradiance path inside the electrode chamber.
Carbohydrate and photosynthetic pigment composition. The soluble carbohydrates mannitol and laminaran were extracted from ground, dry tissue (W, M, S, and H) using hot (80°C) ethanol (Chapman & Craigie 1977) . Mannitol was analyzed by the periodatechromotropic acid method (Lambert & Neish 1950) , standardized using D-mannitol. Laminaran concentrations were determined using anthrone (Yemn & Willis 1954) , standardized with D-glucose. Mannitol and laminaran concentrations were converted to moles of carbon based on their molecular formulas (1 mol mannitol or laminaran = 6 mol carbon = 72 g carbon mol -1 sugar). Chlorophyll (a + c) and fucoxanthin were extracted from fresh tissue samples using a 2-step DMSO (dimethylsulfoxide), methanol-acetone extraction procedure. Pigments were measured spectrophotometrically, and pigment concentrations were calculated following Seely et al. (1972) .
Statistical analysis. Monthly gross P versus E curves were constructed for each tissue type using the exponential function of Webb et al. (1974) . Parameter values and variance estimates for the maximum rate of light-saturated photosynthesis (P MAX ) and the light-limited initial slope (α) were estimated using an iterative, least-squares, non-linear curve-fitting routine based on the Marquardt-Levenberg algorithm in Sigma Plot (Jandel Scientific). Dark respiration (R) was measured and subtracted from gross production in the carbon budget model at each 15 min interval continuously throughout the year. Metabolic measurements were converted from oxygen-based to carbon-based units using photosynthetic and respiratory quotients of 1.2 and 1.0 mol O 2 mol -1 CO 2 , respectively. The analysis produced an aggregate estimate of P MAX and α for each tissue each month because only a simple monthly P versus E curve was constructed from 10 independent samples measured at 10 different irradiances each month. The estimated variances associated with the monthly, aggregate estimate of P MAX and α were calculated according to Zimmerman et al. (1987) and used to identify significant temporal variation in monthly values of P MAX and α using multiple t-tests with probabilities adjusted using the Bonferroni procedure.
Respiration, growth, sloughing, and chemical composition measurements were analyzed for temporal differences using 1-way ANOVA (p ≤ 0.05) and LSD (least significant difference) planned multiple comparison tests (Sokal & Rohlf 1969) . For most months n = 10, except for September and November, when n = 9, and February, when n = 4 to 6, depending on the amount of tissue present for analysis. Some of the data required transformation to meet the equal variance assumption of ANOVA. Square-root transformations were applied to the growth, sloughing, stipe chlorophyll, and holdfast pigment data. Log-transformations were applied to the mannitol, laminaran, and stipe fucoxanthin data. Data for plant size, wing pigment content, and midrib chlorophyll content met all assumptions of ANOVA without transformation. Post-hoc differences were indicated on all graphs by different heights of horizontal lines running through the data on each relevant figure. Monthly means that were significantly different from some, but not all, other months have a vertically sloping line running across them.
Carbon budget. Carbon budgets were calculated using rates of light-dependent photosynthesis, dark respiration, and sloughing. Photosynthetic production was calculated for each tissue type (P gross (W,M,S,H) ) from in situ irradiance recorded at 15 min intervals according to the exponential function in Webb et al. (1974) :
Irradiance was assumed to be constant during each 15 min interval. During non-winter phases of growth (all plant parts present), the carbon budget was calculated as:
where R is dark respiration. The model was initiated using plant size estimated for May 2000, by subtracting growth and adding sloughing from plant size measured in June 2000. The predictive ability of the back-calculation was assessed by performing it for all subsequent months, and regressing calculated plant size against measured plant size. Net photosynthetic production (P NET ) was added to the initial value (minus losses from sloughing and respiration) to predict change in plant size at each 15 min interval:
Plant size increased when P NET was positive (i.e. when production exceeded losses). All parameters were converted to grams of carbon per plant per 15 min using the conversion factors provided in Table 1 . Plant size decreased when P NET was negative. To estimate plant size, carbon budgets were integrated over the collection interval ranging from 3 to 5 wk. The carbon budget calculations were validated by linear regression of predicted plant size against measured plant size. Average daily P NET was also modeled assuming no blade sloughing or abscission to test the potential impact of blade retention (no abscission) during winter on the whole-plant carbon balance. Within a given month, average daily P NET with abscission versus average daily P NET with no abscission was analyzed for significant differences using a 1-sample t-test.
RESULTS
Daily average temperatures at East Pinnacles (30 m depth) were highest from August to February, ranging from almost 9.5 to 14°C. Temperatures were lowest from March to July, ranging from 8.5 to 12.5°C. Irradiances at 30 m were highly variable, ranging from almost 0 to almost 4 mol quanta m -2 d -1 in the summer when phytoplankton blooms and/or persistent coastal stratus are common to this region of central California. Average winter irradiances ranged from almost 0 to about 1 mol quanta m -2 d -1 (Fig. 2) .
Growth phenology
Pleurophycus gardneri blades grew for approximately 5 mo from February to July (Fig. 3) . Growth was highest in spring and slowed dramatically between June and July. Sloughing began in August and September, as indicated by the loss of the abscission scar from the distal end of the blade (Fig. 1) to the spring patches on about half of the plants (authors' pers. obs.) prior to abscission in midNovember. Prior to abscission, the upper portion of the stipe (between the meristem and where the stipe narrowed) began to darken. Abscission was completed by mid-December, and the bladeless period lasted until the beginning of February (Figs. 1 & 3) .
Photosynthesis and respiration
The photosynthetic parameters P MAX and α were temporally constant throughout the study in all tissues, as no significant difference was detected by multiple t-tests using the Bonferroni correction. Respiration (R) was also constant over time in all tissues, except the stipe, where it was slightly, but significantly, lower during winter (Table 2) . Metabolic rates (P MAX and R) and photosynthetic efficiency (α) were highest in wing tissue, followed by midrib, and then stipe and holdfast (Table 3 ). The average P MAX /R value for the wing tissue of the deep plants was 15; it was 9 for intertidal plants studied by Germann (1986) ; both fall in the range of other kelps (Table 4) . Generalized P versus E curves for wing tissue of the deep-water population examined here revealed a biomass-specific value of P MAX that was similar to the value reported by Germann (1986) for intertidal plants (Table 4) . Biomass-specific photosynthetic efficiency (α) was 2 to 3 times greater in the deep plants regardless of how the data were normalized (FW, DW) (Table 4) . When normalized to chlorophyll, α was similar in the deep and intertidal populations. Chlorophyll-normalized P MAX , in contrast, was lower in the deep-water population. This pattern appears to represent a classic photoacclimation response common among shade-adapted algae.
Chemical composition
Carbohydrate concentrations (mg C plant -1 ) decreased while plants were growing, increased during sloughing, and continually decreased after abscission through blade initiation and growth in spring (Fig. 4) . Mannitol represented up to 8% of the total DW and averaged 5% DW. Laminaran accounted for only 1 to 2% of DW. Summer and fall concentrations of lami- naran and mannitol were significantly greater than those in winter and spring (Table 2) . Wing tissues always had the highest pigment concentrations, followed by the midrib, stipe, and holdfast. Concentrations of fucoxanthin and chlorophyll (a + c) in wing and midrib tissues increased throughout the spring, peaked in late summer, and decreased significantly by late fall (Fig. 5, Table 2 ). Chlorophyll (a + c) concentrations in the stipe began increasing in winter and were greatest in spring, while concentrations in the holdfast were greatest in winter and dropped in the spring (Fig. 6, Table 2 ). Fucoxanthin concentrations in the stipe and holdfast were significantly greater in some late summer and spring months than in some fall and winter months (Fig. 6, Table 2 ). However, post hoc results were ambiguous, and only the holdfast fucoxanthin concentrations in October were clearly different from all the others (Fig. 6) . The average ratio of chl a/chl c for the wing tissue was 5, and the chl a/fucoxanthin ratio was 1.8 (Table 4 ). The mass of the wing and midrib was significantly lower in spring (during blade initiation) than in the previous summer (Fig. 7a, Table 2 ). Carbon content of the stipe increased during sloughing as day-length decreased and growth ceased, while carbon content of the holdfast remained relatively constant (Fig. 7b) .
Carbon budget
The carbon budget calculations required an initial value for plant size. Although field studies began in May 2000, plant size was not measured until June 2000. In order to begin the carbon budget calculations with the initiation of the light data, it was necessary to back-calculate plant size for May from the initial morphometric data collected in June by inverting Eq. (5) growth during summer, spring, and fall, and underestimated plant size during winter. Consequently, the seasonal pattern in modeled plant size was exaggerated relative to measured plant size (Fig. 8a) . The slope of modeled versus measured plant size at 100% irradiance, however, was not significantly different from 1.0 (Fig. 8b , Table 5 ).
The discrepancy between modeled and measured plant size could be explained by differences in irradiance measured by the scalar PAR sensor and the irradiance actually harvested by the kelp blades. The scalar irradiance sensor is designed to collect PAR from all directions. Light absorption by a planar blade, like that of Pleurophycus gardneri, exhibits a cosine response to the incident light field, and is spectrally biased against green light. According to the Cosine Law, downwelling irradiance experienced by the planar blade is proportional to the cosine of the angle between the leaf normal and the incident beam (Kirk 1994 , Zimmerman 2003 . Water motion alters the orientation of the blade surface relative to the submarine light field. Further, variations in stipe length, blade density, and blade overlap (self-shading), as well as spectral biases in the efficiency of PAR absorption, combine to make the photosynthetically utilized radiation considerably less than that measured by the broadband scalar irradiance sensor.
Model sensitivity to light collection efficiency was tested by reducing irradiance to 75, 50, 25, 15, and 10% of ambient. Model predictions of plant size through time using both 50 (Fig. 8) and 25% (Fig. 8 ) of the measured irradiance resulted in the highest agreement with measured plant size. The intercepts of modeled versus measured plant size were statistically equivalent to 0 using 50 and 25% irradiance, and the seasonal pattern in modeled plant size was more consistent with measured plant size (Fig. 8, Table 5 ). Based on r 2 values, 25% irradiance provided a marginally better fit of the model (Fig. 9) , accounting for 76% of the variation, while 50% irradiance explained 73% of the variation. Secondary regression analysis determined that the regression of modeled versus measured plant size for both 50 and 25% irradiance produced slopes that were statistically identical to 1 (Table 5 ). The annual P NET was 5.14 g C plant -1 for 50% of measured irradiance and 0.16 g C plant -1 for 25% of measured irradiance. Values of P NET for 15 and 10% irradiance were lower, and r 2 values dropped to 0.74 at 15% and 0.70 at 10%.
The 50 and 25% irradiance values (most accurate predictors of plant size) were used to evaluate the effect of blade retention on average daily whole-plant P NET (g C plant -1 ) throughout the fall and winter. To simulate the effects of blade retention, the calculations were initialized with plant size from May 2000, but no sloughing or abscission was allowed. Respiration and growth were the only possible fates for the photosynthetically fixed carbon driven by the irradiance time series. At 25% irradiance, hypothetical retention of the blade yielded higher mean P NET in late summer and spring, and lower P NET in winter, than the run allowing abscission (Fig. 10a) . Without abscission, mean daily P NET was positive in the spring and summer (March through August), but negative in the fall and winter (September through February). With abscission, mean daily P NET was only positive in the early summer, and was negative from August to May. The blade retention scenario simulated using 50% of the measured irradiance yielded consistently positive values of P NET that were significantly higher than the simulation allowing abscission for all months except May 2001 (Fig. 10b) . Annual P NET for 25% irradiance with no abscission was 1.22 g C plant -1 , and annual P NET for 50% with no , and at 50% irradiance with abscission, 5.14 g C plant -1 . Stipe and holdfast survival for the bladeless period was calculated by converting the carbon content of the soluble carbohydrate reserves into respiratory equivalents, assuming no photosynthetic production in the perennial tissues. The carbohydrate content of the stipe and holdfast in November would support the winter-time respiration rate of the stipe and holdfast for 2.8 mo. Photosynthesis production by the stipe and holdfast could only support 20 to 30% of the respiratory load over the winter.
DISCUSSION
Pleurophycus gardneri is unique among the Laminariales in having a life history characterized by annually deciduous blades. Whether abscission is regulated by a response to temperature (Germann 1986) or photoperiod (Lüning & Kadel 1993) , the loss of blade tissue was thought to provide an adaptation for persistence during the winter period of low light availability. The carbon budgets calculated here, however, demonstrate that abscission does not provide an effective metabolic strategy for this deep-water population, because blade retention permitted higher rates of daily P NET throughout the year, including the winter. Thus, abscission may be related to other factors 153 including spore dispersal (Addicott 1982) and/or increased survival of intense winter storms by reducing the drag imposed by large swells on the bladeless stipes (Denny 1988) . The carbon budget calculations captured the seasonal pattern of plant growth, but overpredicted plant size by a factor of 2 when driven by the measured scalar irradiances. This degree of overprediction is consistent with other field -laboratory comparisons (Fourqurean & Zieman 1991 , Herzka & Dunton 1997 , and should be expected when scalar field irradiances used to drive models based on laboratory P versus E curves are not corrected for the geometric orientation of photosynthetic blades, which act as cosine irradiance collectors (Zimmerman 2003) . The laboratory measurements of photosynthesis performed in this study used blade surfaces oriented normal to the light, which maximized interception of radiant flux. Blades in the field, however, are rarely oriented normal to the incident flux. The 50 and 25% irradiance values, which generated the most reliable predictions of plant size, corresponded to mean blade orientations of 60 and 75°from the horizontal. The resulting quasi-vertical orientation is fairly typical of these blades, particularly when they are moving in response to surge. Although canopy density effects were not simulated here, fronds can overlap and shade each other, especially in summer when total blade area is high and surge is low.
In addition to blade orientation, light quality may have a significant effect on in situ photosynthesis of this deep-water kelp. Morel (1978) demonstrated that the radiation actually utilized for photosynthesis (PUR) by deep-dwelling phytoplankton in waters dominated by poorly absorbed green/yellow light could be as low as 1 ⁄ 3 of the measured PAR, depending on water type. Considering the differences in light absorbed by the spherical irradiance sensor versus the flat blades (cosine collectors) and the potential difference in PAR versus PUR, it appears reasonable that only 25 to 50% of measured scalar irradiance was actually used for photosynthesis. Further refinement of this carbon budget model to include the optical properties of the blades themselves, the effects of water motion on blade angle and light absorption, PAR versus PUR, and density-dependent-shading effects would permit determination of the light-limited depth distribution of this species.
The irradiances ranging from 0 to 1 mol quanta m -2 d -1 measured here during winter were similar to those of the Arctic under seasonal ice cover in winter (Chapman & Lindley 1980 , Dunton 1990 ). However, the Arctic benthos receives higher irradiances during the summer (up to 8 mol quanta m -2 d -1
) and day-length is twice as long (P MAX would be integrated over 24 h rather than 12 h). During nutrient limitation in Arctic summer, some kelps cease growth and divert all production to carbohydrate storage (Chapman & Lindley 1980 , Dunton 1990 ). These stored carbohydrates are used to fuel 90% of annual plant growth during the winter period of darkness when nutrients are abundant. Laminariales can accumulate up to 15 to 20% DW in carbohydrates (German 1986 , Watanabe et al. 1992 ). The deep-water population of Pleurophycus gardneri examined here, however, only accumulated 5 to 9% DW as carbohydrates, with the stipe the main reservoir and the blade the main source. Unlike the Arctic, summer irradiances at our East Pinnacles study site near Monterey Bay were highly variable due to frequent dense coastal stratus and periodic, phytoplankton blooms driven by the temporal dynamics of coastal upwelling (Olivieri & Chavez 2000) . Thus, the combination of high ambient nutrient concentrations and low light availability probably limits the summertime accumulation of large internal carbon reserves by P. gardneri in comparison to other kelps, including intertidal populations of this species growing at higher latitudes. Some of the carbohydrates accumulated in the blade during summer may have been translocated to the stipe and holdfast prior to blade abscission, a process which has been documented in Pleurophycus gardneri (Schmitz 1982) . Carbon content of the stipe decreased during spring, perhaps due to remobilization and utilization of carbohydrates for growth of the blade. Germann's (1989) suggestion, that translocation from the blade to the stipe was not possible due to the lack of blade growth in complete darkness, assumed that blade growth only required the presence of carbohydrate reserves. It did not consider the presence of a growth-initiating trigger, which may be controlled by photoperiod (Lüning & Kadel 1993) . Reserves accumulated prior to abscission were sufficient for winter respiratory requirements, allowing for 2 mo of respiration during winter and a buffer of about another month during blade initiation in spring. In addition, stipe and holdfast photosynthesis could only account for 20 to 30% of the respiratory demand over the winter, which was augmented by slightly reduced respiration rates and a higher fucoxanthin to chlorophyll a ratio during winter.
Although this study revealed no evidence of major seasonal photoacclimation in Pleurophycus gardneri, differences in the magnitude of physiological parameters (α and chl) between the deep population studied here and the intertidal plants measured by Germann (1989) were evident. These deep-water plants exhibited higher light utilization efficiencies than intertidal plants on a biomass basis, but lower efficiencies on a chlorophyll-specific basis. This pattern represents a classic photoacclimation response common to shadeadapted algae. The P/R ratio was slightly higher in this deep-water population than in the intertidal one studied by Germann (1989) ; however, it was not higher than in other kelps such as Macrocystis pyrifera (Zimmerman & Kremer 1986, Table 4 ).
Size and morphology of these deep-water plants were also different from those studied by Germann (1986) . Average stipe lengths of those deep adult plants chosen for this study were generally twice as long (40 to 50 cm) as the average stipe length of intertidal plants (20 cm) studied by Germann (1986) , but blade area was similar to intertidal plants. Stipes of deep plants exhibited a 'step-like' pattern of growth (referred to as growth constrictions). The top of the stipe was flat and broad near the blade junction, then narrowed and became elliptical with each constriction (with slight turning and rounding between constrictions), and was round toward the holdfast. Although stipe growth was not quantitatively measured during the bladeless period, cell expansion or growth was observed just below the meristem, as indicated by several centimeters of new, lightly pigmented tissue.
Growth rings in the basal portion of the stipe of deepwater Pleurophycus gardneri were unexpected because they are absent in intertidal plants (Germann 1986 ). Validation of growth ring chronology allowed assessment of maximum observed age of 5 yr in this deep-water population (Dominik 2004 ). These plants abscised 1 mo later than intertidal plants and remained bladeless for 2 mo, instead of 2 wk like intertidal plants (Germann 1986 ). Because intertidal plants contaiñ 10 times more sugar than the deep plants, they have enough reserves to grow despite the short day-lengths in winter, so that when spring arrives they already have a large blade for quick growth and re-accumulation of sugar for the next winter. Deep plants have so little sugar that they must survive on reserves until spring, when ample light is available for growth.
Some of these morphological and physiological differences may indicate adaptations to surviving in a deep-water environment. Higher water motion in the intertidal may cause plants with longer stipes to be removed, effectively decreasing the average stipe length compared to deep plants. Longer stipes of the deep-water plants may help prevent self-shading and reduce light competition by placing the blades higher in the water column, where they are exposed to higher rates of water motion. Production of additional sori just prior to abscission may facilitate dispersal as the negatively buoyant blade drifts away.
The deep-water population of Pleurophycus gardneri did not accumulate large carbohydrate reserves compared to other kelps, and the annual carbon budget appears to be tightly balanced. Despite the potential benefit demonstrated by the model of retaining the blade, classic photoacclimation and seasonally depressed respiration in the perennial parts apparently allow this deciduous kelp to persist in deeper water. Without the reserves located in the perennial stipe and holdfast the plant should die before blade initiation in spring. The photosynthetic efficiency of deep-water plants was twice that of intertidal plants, which have very low compensation depths (Germann 1986 ). This study also demonstrated that models, which incorporate photosynthetic production, should account for canopy geometry and orientation relative to the submarine light field and possibly the quality of in addition to the quantity of in situ irradiance.
